Hydralazine is a potent irreversible inhibitor of the semicarbazide-sensitive amine oxidase (SSAO) found in brown fat. Initially it may act on the enzyme as a competitive inhibitor, but irreversible inhibition occurs rapidly in a concentration-and temperature-dependent manner. The presence of primary amines known to be substrates for the enzyme, but not of secondary amines, which are not metabolized by SSAO, diminishes this rate of inactivation, whereas removal of 02 is without effect. The kinetic pattern of inactivation of SSAO by hydralazine is consistent with an active-site-directed site-saturable binding followed by the development of an irreversible enzyme-inhibitor complex.
INTRODUCTION
An amine oxidase insensitive to clorgyline, an irreversible acetylenic inhibitor of monoamine oxidase (EC 1.4.3.4) , but sensitive to the carbonyl reagent semicarbazide, has been identified in various tissues of the rat, including the aorta (Coquil et al., 1973; Urdin & Fuentes, 1983) , heart (Clarke et al., 1982) , mesenteric blood vessels (Fuentes & Neff, 1977; Callingham et al., 1983) and anococcygeus muscle (Callingham, 1982) . This enzyme, previously referred to as clorgyline-resistant amine oxidase, is now generally known by the name semicarbazide-sensitive amine oxidase (SSAO). Its preferred substrate appears to be benzylamine, which so far has not been shown to be a physiologically important compound. The enzyme shows very low affinity for noradrenaline and no affinity for secondary or tertiary amines (Barrand & Callingham,-1982) . Its molecular size and carbohydrate content shows certain similarities to the copper-containing plasma amine oxidases (Yasunobu et al., 1976; Falk et al., 1983) . However, the idea that copper is a vital component of SSAO activity is now in doubt (Lyles et al., 1983; Barrand & Callingham, 1984a) . Owing to the high SSAO activity in organs rich in smooth muscle, especially vascular smooth muscle, a localization to this particular cell type has been suggested (Lewinsohn, 1981) . However, SSAO has also been identified in brown adipose tissue of the rat (Barrand & Callingham, 1982) , and furthermore shown to be associated with the fat-cell itself (Barrand et al., 1984) . Evidence from studies both in the aorta (Wibo et al., 1980) and in brown adipose tissue (Barrand & Callingham, 1982; Barrand et'al., 1984) strongly support the concept that SSAO resides at or in the outer cell membrane. However, the role of SSAO in the events that occur at the cell surface has yet to be determined.
It has been shown that the antihypertensive agent hydralazine is a potent irreversible inhi-bitor of the enzyme in the rat heart and aorta Lyles et al., 1983) . Baker et al. (1985} have shown that radioactively labelled hydralazine injected into rats may be found with the elastic lamina and around the edges of smooth-muscle cells in blood vessels. The mechanisms of action of hydralazine on smooth muscle are far from clearly elucidated. Although some studies suggest that hydralazine interferes with Ca2+ uptake (McLean et al., 1978; Lipe & Moulds, 1981) , other evidence disputes this notion (Kreye & Schlicker, 1980) , particularly concerning the long-term actions of hydralazine (Kwan & Daniel, 1982) , and more-recent studies suggest that part of the action of hydralazine may be mediated via prostaglandins (Maekawa et al., 1984) . In view of the direct vasodilator action of hydralazine, the observation that it is an irreversible inhibitor of SSAO is of particular interest in connection with the possible role of SSAO at the cell surface.
The present paper describes an attempt to examine the interaction of hydralazine with SSAO in more detail and to determine whether radioactively labelled hydralazine could be employed as a suitable ligand as a probe for the enzyme and as a marker for the enzyme within the tissues. Brown adipose tissue was used as a convenient source of the enzyme, particularly since SSAO in this tissue has 'been well characterized (Barrand & Callingham, 1982 , 1984a . Preliminary results of the work described here have already been reported (Barrand & Callingham, 1984b,c killed by a blow to the head followed by decapitation, and interscapular brown adipose tissue was removed. The tissue was homogenized (1:20, w/v) in 1 mM-potassium phosphate buffer (prepared by adjusting 1 mM-KH2PO4 to pH 7.8 with solid KOH at 22°C) and centrifuged in an MSE Chilspin centrifuge at 600 g (ray. 11.3 cm) for 10 min at 5°C to remove unbroken cells and cellular debris. The supernatant from this spin formed the 'original homogenate'. 'Membrane-bound SSAO' was pelleted from this supernatant by centrifugation in an 8 x 50 ml rotor operated at 100,000 g (rav. 7.62 cm) or a 10 x 10 ml rotor operated at 100000 g (ray. 5.61 cm) in an MSE Prepspin centrifuge for 1 h at 4°C, and redispersed in phosphate buffer. The protein content of the various fractions was determined either by the spectrophotometric method of Lowry et al. (1951) , with bovine serum albumin as standard, or by the fluorimetric method of Udenfriend et al. (1972) .
'Solubilized SSAO' was prepared from the membrane pellets by treatment with Triton X-100. The protein content of the pellet samples was first adjusted to a final concentration of 1 mg/ml and then mixed at 4°C with 0.08% (w/v) Triton X-100 in 20 mM-phosphate buffer, pH 7.8, left for 10 min before centrifuging as described above at 1000OOg for 1 h. The resultant supernatant formed the 'solubilized SSAO' preparation, and the resultant pellet redispersed in 1 mM-phosphate buffer was taken as the 'SSAO-poor membrane fraction'.
'Solubilized SSAO' was purified further by gel filtration and affinity chromatography (see below) to yield the' gel filtrate 'preparationand'affinity-chromatography eluate' preparation. Enzyme assay and inhibition studies Amine oxidase activity was determined radiochemically by a method modified from that ofCallingham & Laverty (1973) (Barrand & Callingham, 1984a) . Affinity chromatography This was undertaken with lectin from Lens culinaris immobilized on beaded agarose containing 4.5 mg of lectin/ml of gel (Sigma Chemical Co., Poole, Dorset, U.K.) as described previously (Barrand & Callingham, 1984a) . Sodium dodecyl sulphate/polyacrylamide-gel electrophoresis This was performed on 2 mm-thick horizontal slab gels in an LKB 2117 Multiphor apparatus. The gels (7.5% acrylamide concentration) were prepared by degassing and filtering 1 % (v/v) NNN'N'-tetramethylethylenediamine, 0.4 M-sodium phosphate buffer, pH 7.2, containing 0.4% sodium dodecyl sulphate, 20% acrylamide containing 0.69% NN'-methylenebisacrylamide and water mixed in the proportions (1:2:2:2, by vol.). A further 1 vol. of 0.5% freshly prepared ammonium persulphate was added and the gel was poured. Gels were used within 24 h of preparation. Protein samples were solubilized by boiling for 10 min in 2% (w/v) sodium dodecyl sulphate and 5% (v/v) 2-mercaptoethanol in 0.4 M-sodium phosphate buffer, pH 7.2. Then 20 ,1 portions together with Bromophenol Blue as a marker were loaded on to 1 cm x 0.5 cm pieces of Whatman 3MM paper overlaid on the gel. Gels cooled by circulating water were run ovemight at 40 mA constant current. They were fixed and stained in 0.1 % Coomassie Brilliant Blue R in methanol/water/acetic acid (9:9:2, by vol.) for 1-2 h at 37°C, and then destained in 7.5% (v/v) acetic acid containing 5 % (v/v) ethanol at 37°C until the protein bands were clearly' resolved. The position of radioactive material within the gels was determined by Vol. 232 eluting 0.5 cm strips overnight at 30°C in 1 ml of Soluene before addition of scintillant. By this method, recovery of radioactive material applied to the gel was over 70%.
Each gel was calibrated with standard proteins (ovalbumin, phosphorylase a and bovine serum albumin, the Mr values of these being taken as 43000, 93000 and 67000 respectively) and a mixture of cross-linked bovine haemoglobin (Mr values of 16000 for monomeric, 32000 for dimeric, 48000 for trimeric and 64000 for tetrameric forms of haemoglobin respectively). 
RESULTS AND DISCUSSION
Inhibition by hydralazine of 'membrane-bound SSAO' activity was found to take place at a rate dependent both on temperature and on the concentration of inhibitor (Fig 1) , suggestive of pseudo-first-order kinetics (Rando, 1984) . The inactivation curves produced by preincubation with inhibitor at 37°C followed by dilution appeared to flatten off with time, making it difficult to calculate initial rates. More-linear relationships were seen if preincubation was at 4 'C. Extra enzyme added after 10 min preincubation at 37 'C was only slightly or not at all inactivated, suggesting that the flattening off in the inactivation curve was due to loss of available hydralazine either by decomposition or due to binding to other components in the membrane pellets (Waley, 1980) . When inhibition of SSAO activity was studied without preincubation or dilution [see method (b) in the Experimental section], in the range of hydralazine concentrations between 0.05-0.2 /sM, curves parallel to that ofthe control, consistent with competitive inhibition, were produced when a plot of [S]/v against [S] was constructed. From such plots apparent Ki values in the region of 0.2-0.3 /M were calculated. However, the rate of conversion into the irreversible complex is probably too rapid to be able to obtain reliable values for kinetic parameters from these experiments.
The rate of inactivation of the enzyme was slowed by the presence of primary amines known to be substrates for SSAO, the substrates with the highest affinity for the enzyme having the greatest protective effect (Figs. 2a and  2b ). Diamines and polyamines, which are not metabolized by SSAO, were without effect (Figs. 2c and 2d) . Occupation of the active site of the enzyme therefore interferes with the inhibitor-enzyme interaction, suggesting that hydralazine causes site-directed inactivation.
No evidence could be found to indicate that hydralazine acts initially as a substrate. Excluding 02 from the reaction by bubbling N2 through the medium before and during the preincubation phase did not alter the rates of inactivation of SSAO by 1 /,M-, 0.5 /SM-and 0.1 M-hydralazine at room temperature. Molecular°2 iS required for the deamination of the monoamine substrates by SSAO (Clarke et al., 1982) , but clearly the interaction with hydralazine is not dependent on the -presence of02. The SSAO-hydralazine interaction is thus unlike that seen between hydrazines and monoamine oxidase, where 02 appears to be essential for the irreversible step (Kenney et al., 1979) . The irreversible interactions of hydrazines with the non-flavin plasma amine oxidase still takes place under anaerobic conditions (Massey & Churchich, 1977; Lindstr6m & Pettersson, 1978 (Fig. 3) , release ofmaterial into the supernatant occurred within the same range of detergent/protein ratios, i.e. 0.3-1.2:1, that are known to release SSAO from membranes (Barrand & Callingham, 1984a) . But, whereas 80-90% of the total SSAO activity was identifiable in the soluble fraction at a Triton/protein ratio of 1.2:1, only 40% of the total tritiated material appeared in the supernatant. A large proportion of radioactivity remained bound to the pellet. Furthermore there was a significant amount of 'specific' binding of [3H] hydralazine to the residual membrane pellets remaining after removal of most of the SSAO by Triton X-100. Maximum binding to 'original homogenates' was about 6 pmol/mg of protein, to 'membranebound SSAO' preparations about 65 pmol/mg of protein, and to 'SSAO-poor membrane' preparations about 46 pmol/mg ofprotein. Clearly, hydralazine is also binding avidly to sites in the membrane other than SSAO.
When the solubilized tritiated material was washed through an Ultrogel AcA-34 column, most of the radioactivity showed an elution profile similar to that of SSAO activity (Fig. 4) . Pooled concentrated tritiumenriched fractions from the gel column were washed on to a column of Lens culinaris lectin-agarose and eluted with 0.25 M-a-methyl D-mannoside. About 70% of the radioactivity applied was retained on the gel and subsequently displaced by the mannoside (Fig. 5) in a manner similar to that of the solubilized SSAO. These similarities in gel-filtration and affinity-chromatography characteristics indicate that the solubilized [3H]hydralazine-bound material is of a similar molecular size to SSAO and contains similar carbohydrate moieties. Furthermore the rate of binding of [3H] hydralazine to the partially purified SSAO, i.e. 'gel filtrate' or 'affinitychromatography eluate' preparations, was diminished in the presence of the SSAO-specific substrate benzylamine (Fig. 6 ), suggesting that a significant amount of radiolabelling in these preparations takes place at the active site of the enzyme.
Tritium-enriched fractions eluted from the affinity column and concentrated to 0.1 mg of protein/ml were subjected to denaturation followed by sodium dodecyl Vol. 232 sulphate/polyacrylamide-gel electrophoresis. Some 90%
of the radioactivity recovered from the gel was concentrated in a single peak at a position corresponding to an Mr of 94000 (Fig. 7) . This is almost exactly half the Mr of the functional unit of SSAO as judged both by gel filtration and by radiation-inactivation analysis (Barrand & Callingham, 1984a (Falk, 1983) and in the presence of denaturing reagents to behave as a single species of Mr 95000-97000 (Barker et al., 1979) . Whether these two subunits are chemically distinct is not known, although there is some evidence for identical primary structure (Barker et al., 1979) . The stoichiometry of enzyme inactivation by phenylhydrazine, which, like hydralazine inactivation of SSAO, interacts at the active site of the enzyme (Lindstrom et al., 1974) (Falk, 1983) . On the basis of the carbohydrate content also, SSAO shows definite similarities to the plasma amine oxidases . On the other hand, SSAO is a membrane-bound enzyme, unlike the plasma enzymes, and, although not inactivated by solubilization, cannot remain in the soluble form without detergent. It also shows differences in substrate specificity (Barrand & Callingham, 1982) and appears to be relatively insensitive to Cu2+-chelating agents, although this may be due to an inaccessibility of the metal. Ifindeed SSAO is closely related to the plasma enzymes, then maybe these differences are due to alterations in tertiary structure rather than in the fundamental subunits.
Here it has been shown that hydralazine is not very specific for SSAO and binds well at other sites.
Hydralazine is already known to affect a variety of enzymes. On some it acts in a reversible fashion as a chelator and no specific binding occurs, e.g. prolyl hydroxylase (Bhatnagar et al., 1972) and dopamine-/Jhydroxylase (Liu et al., 1974) . With lysyl oxidase, inhibition is irreversible and enzyme activity cannot be restored by dialysis in the presence of either the putative cofactor pyridoxal or Cu2+ (Numata et al., 1981) . When radiolabelled hydralazine (Baker et al., 1985) was given intravenously to rats, persistent labelling ofblood vessels, particularly arteries, was seen in whole-body autoradiographs, the silver grains being deposited over the elastic laminae and around the smooth-muscle cells. This distribution was thought to represent binding of [3H] hydralazine has proved useful in characterizing the subunit of SSAO, so revealing similarities to the plasma amine oxidases. Whether it can be used as a probe for the active site of the enzyme in the way that borohydride-reduced radioactive benzylamine has been employed to explore the structure of bovine plasma amine oxidase (Inamasu et al., 1974) Fig. 7 . Gel-electrophoresis profile of partially purified tritdumlabelled material solubilized from 13Hlhydralazine-treated brown-adipose-tissue membranes (a) Solubilized tritium-labelled material partially purified by gel filtration and affinity chromatography was concentrated to 0.1 mg of protein/ml, then denatured by boiling in 2% sodium dodecyl sulphate for 10 min, and 20 #1 portions were applied to a polyacrylamide gel along with 20 ,1 portions of standard proteins. The water-cooled gel was run overnight at 40 mA constant current and then stained for protein with 0.1 % Coomassie Blue. The positions of the protein bands measured within the gel are shown in diagrammatic form. Strip (i) represents phosphorylase a (Mr 93000), strip (ii) cross-linked haemoglobins (Mr 16000, 32000, 48000 and 64000 for monomer, dimer, trimer and tetramer respectively) and strip (iii) the tritium-labelled material. (b) The position of radioactive material within the gel was then determined by eluting 0.5 cm strips of gel overnight at 30°C in 1 ml of Soluene before addition of scintillant. The result shown here is from one of six different experiments performed.
be used for active-site titration or for identification of the disposition of the enzyme within whole tissue.
